A variety of common ocular diseases, including glaucoma, age-related macular degeneration and diabetic retinopathy, are associated with ocular perfusion abnormalities. Hence there is considerable interest in the development of techniques for the specific investigation of retinal, optic nerve and choroidal blood flow in man.
Information on ocular blood flow can be obtained with techniques based on Doppler shifting of light on moving erythrocytes. This phenomenon has been used to study blood flow in large retinal vessels,l in the optic nerve microvasculature2 and in the submacular choriocapillaries,3, 4 and to perform retinal and optic nerve blood flow mapping.s Doppler shift of ultrasound waves can be used to study blood flow velocities in retrobulbar vessels. 6 Information on retinal and choroidal blood flow can also be obtained from angiographic methods. Attempts have been made to obtain quantitative information on retinae,8 and choroidal9,10 blood flow from fluorescein and indocyanine green (leG) angiography.
The present study focused on the comparison of two methods which have been proposed for the assessment of pulsatile ocular blood flow. Pneumotonometry measures changes in intraocular pressure (lOP) during the cardiac cycle. These changes have been used for quantitative estimation of pulsatile ocular blood flow (POBF),u,12 Laser interferometry is used to measure ocular fundus pulsation, which is the distance change between cornea and retina during the cardiac cycleY The aim of the present study was to investigate the association between the two methods. An additional aim of this study was to determine the topographic distribution of fundus pulsations.
Methods

Subjects
The study protocols were approved by the Ethics Committee of Vienna University School of Medicine. One study was performed to investigate the association between pnemotonometric parameters and fundus pulsation amplitude (FP A; n = 28). One study was performed to investigate the distribution of ocular fundus pulsation in a region of -15° to + 15° around the macula (n = 18) another study was performed to investigate the distribution of ocular fundus pulsation in the optic disc region (n = 8), and one study was performed to investigate possible influences of changes in lens thickness during accommodation on interferometrically assessed fundus pulsations (n = 10).
Male and female non-smoking subjects, aged between 19 and 35 years, were studied. All participating subjects were informed of the nature of the study and signed a written consent. An ophthalmic examination was performed in each subject prior to the study day. Inclusion criteria were normal ophthalmic findings, ametropia of less than 3 dioptres, and an ametropia difference between the two eyes of less than 1 dioptre. In all subjects the right eye was studied.
Experimental design
Baseline parameters of pneumotonometry and laser interferometry were compared after a resting period of at least 20 min. Fundus pulsations were measured in the macula and the time interval between the two measurements was less than 2 min. Blood pressure and heart rate measurements were performed every 5 min to ensure stable conditions.
To measure the fundus pulsation amplitude at 35 preselected points of the eye fundus, a fixation light with adjustable angle was shown to the contralateral eye. Measurements were performed in steps of 5° between 15° nasal and 15° temporal and 10° superior and 10° inferior of the macula.
Fundus pulsation amplitudes in the optic disc region were measured on preselected points. These points were identified in each subject by use of a fundus camera, to which the laser interferometer is coupled. A schematic drawing of the selected points is given in Fig. 1 . The points 1-4 were located on the neuroretinal rim, points 5-8 on the cup.
To investigate possible influences of accommodation on optical distance changes as measured with the laser interferometer we measured FP A with and without accommodation paralysis with cyclopentolate (Cyclogyl 1 %, Alcon Couvreur, Puurs, Belgium). Measurements were taken 30 min after administration of cyclopentolate. To ensure stable cardiovascular conditions blood pressure and heart rate were measured before and during accommodation paralysis. FP A was measured for at least 10 cardiac cycles at baseline and during accommodation paralysis. From these 10 cardiac cycles 4 Fig. 1 . Definition of the sites of fundus pulsation measurements in the optic disc. Points [1] [2] [3] [4] were located at the neuroretinal rim, points [5] [6] [7] [8] were located at the cup.
the mean FP A and the SD of the 20 readings (one systolic and one diastolic reading during each heart cycle) were calculated.
Fundus pulsation measurements
Pulse synchronous pulsations of the ocular fundus were recorded with a laser interferometric methodY The method uses a high-coherence laser beam with a wavelength of 780 nm for illumination of the subject's eye. The power of the laser beam is approximately 80 I1W at a beam diameter of 1 mm. The light is reflected at the anterior surface of the cornea and at the fundus. The light from the front side of the cornea serves as a reference wave. This permits calculation of the relative distance changes between cornea and retina during the cardiac cycle from the interferences produced by the two reflected waves. These distance changes are in the order of several micrometres and are caused by the rhythmic filling of ocular vessels during systole and diastole. The distance between cornea and retina decreases during systole and increases during diastole. The maximum distance change between the cornea and fundus during the cardiac cycle is called fundus pulsation amplitude (FP A), yielding information on the pulsatile component of ocular blood flOW.1 4 The interferometer is coupled to a fundus camera (Zeiss FK-30, Oberkochen, Germany), which allows real-time inspection of the measurement point on the retina.13
Pneumotonometric measurement of pulsatile ocular blood flow POBF was determined with a commercially available blood flow measurement system (OBF System 3000, OBF Labs, Malmesbury, UK). 15 The system measures changes in lOP, which are caused by the rhythmic filling of the intraocular vessels, with a pneumatic applanation tonometer. 16 , 17 The maximum lOP change during the cardiac cycle is called pulse amplitude (P A). Based on a theoretical model eye, the POBF is calculated from the lOP variation with time. 11 , 12 This hydrodynamic model is based on the assumption that venous outflow from the eye is non-pulsatile and that ocular volume changes can be estimated from changes in lOP based on a standard ocular rigidity function. The calculation of POBF is automatically derived from the five pulses that are closest to each other in lOP beat-to-beat variation. measurement points adjacent to the macula was calculated. Differences between FP A at the macula and FP A at the eight surrounding measurement points were assessed for significance by ::':: 95% confidence intervals of the mean. The effect of accommodation paralysis on FP A was assessed with the Wilcoxon signed rank test. A p value < 0.05 was considered significant.
Results
The association between laser interferometric measurement of FP A and pneumotonometric measurement of P A or POBF is depicted in Fig. 2 . The association was highly significant for both parameters. However, the correlation coefficient was higher for FP A versus P A than for FP A versus POBF.
Data anal y sis
Association between the laser interferometric and pneumotonometric parameters was investigated with linear correlation. For comparison of FP A in the macula (at 0,0) and FP A in the periphery the mean of the eight
The results of the regional distribution of FP A measurements are presented in Fig. 3 . Fundus pulsation amplitude was higher in the macula (3.4 fLm; 95% (a) (b) Correlation: r = .86, P < 0.001
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. . confidence interval: 3.0-3.9 f..l m) than at the surrounding measurement points (2.6 f..l m, 95% confidence interval: 2.3-2.9 f..l m). In the optic disc, which corresponds to the measurement point at (+ 15°, 0°), the FP A was more than twice as high as at the other measurement sites.
The results of topical fundus pulsation measurements in the optic disc are presented in Table 1 . There was a high variability of FP A as obtained on the neuroretinal rim and the cup. At the neuroretinal rim FP A was not measurable at two measurement sites in one subject and at one measurement site in three subjects. At the cup we did not obtain any results in one subject. Technically adequate results on each of the four measurement sites were obtained in only two subjects.
The results of FP A measurements with and without accommodation paralysis are presented in Table 2 . The mean and the SD of FP A as obtained from 10 cardiac cycles after cyclopentolate were not significantly different from the mean FP A and the SD at baseline.
Discussion
The relative fraction of the pulsatile component of blood flow in the eye has not been determined. Estimates vary between 80% 1 8 and 50%? Nevertheless the determination of POBF has attracted much interest and recent investigations argue that information on flow pulsatility can be obtained from Doppler sonographic measurement of blood flow velocities in retrobulbar arteries?O In the present study we compared the results obtained with laser interferometric measurement of fundus pulsation and pneumotonometric measurement of ocular pressure pulse. We observed a high association between FP A and P A, which is in agreement with our previous data.2 1 Whereas PA is the maximum rap change during the cardiac cycle FP A is the maximum distance change between cornea and retina during the cardiac cycle. Deviations from a perfect correlation between the two parameters obtained in the present study can be caused by at least four different reasons:
(1) The two parameters (PA and FPA) are related by the so-called ocular pressure-volume relationship. Changes in ocular volume, as caused by the pulsatile inflow of arterial blood during systole, cause concomitant changes in ocular pressure. This relationship was defined by Friedenwald22 as:
where E is the ocular rigidity, lOP1 -IOP 2 ( = MOP) is a change in intraocular pressure, and V1 -V 2 (= � V) is the corresponding change in intraocular volume. The semilogarithmic form of this equation implies that the pressure change induced by a specific volume change is dependent on baseline rap. When the pressure changes are small, which is the case if they are induced by the increase in blood volume during systole, the equation may be simplified to
It should be noted that in this equation the pressure-volume relationship is no longer dependent on baseline rap. Applying equation (2) to the present situation, P A denotes MOP. FPA, on the other hand is a point measure of � V (assuming an infinitely small laser spot on the fundus). It is therefore obvious that the relation between P A and FP A is dependent on the ocular rigidity. However, ocular rigidity shows a considerable degree of variation among subjects23,24 and therefore identical changes in blood volume do not necessarily induce identical changes in rap. Moreover, the ocular pressure-volume relationship is dependent on the arterial pressure? 5 (2) As mentioned above, FP A is a point measure of volume changes during the cardiac cycle. To calculate E using formula (2) one would need to know the overall Measurement sites are defined in Fig. 1 . At some measurement sites we did not obtain technically adequate interferograms for the evaluation of FP A. Fundus pulsations were assessed during baseline (bl) and during accommodation paralysis (ap). Data are presented as the mean ± SD. Whereas it is obvious that FP As in the macula are only dependent on the choroidal blood flow the situation is more complex in other parts of the fundus. However, the fundus layer from which the main portion of light at 780 nm is reflected is most likely Bruch's membrane.4o
Therefore FP A in the peripheral retina should also be exclusively influenced by choroidal blood flow.
In the optic disc the fundus pulsation amplitude is much higher than on the other measurement sites, As shown in Table 1 there is a high local within-subject variability of the results obtained at the neuroretinal rim and the cup. It could be that the elastic properties of the eye in the optic disc are not comparable to other measurement sites, but this issue remains to be investigated. Directly comparing FP A in the optic disc with fundus pulsations in other regions is therefore not possible. It is interesting that we could not measure fundus pulsation at all measurement points under study.
In these cases we did not observe interference between the light reflected from the anterior surface of the cornea and the fundus. The layers from which the light is reflected in the optic disc have not been definitely identified. 40 It may be that, due to the topography of the optic disc, the main portion of the light is not reflected at an angle of 1800 to the incident beam, which is required for the observation of the interference fringes.
The studies during cycloplegia with cyclopentolate were performed to investigate a possible effect of accommodative changes in lens thickness during fixation at infinity on fundus pulsation amplitude. 
